(Communicated by J.P. Hartnett and W.J. Minkowycz) An experimental study is performed to determine the mechanics of transport phenomena in multieomponent sessile drops with internal solidification. These drops are cooled at the center of the drop base or over the enter base of the drop. Both the interracial and internal flow structures are examined by means of laser shadowgraphy, while the microstruetures are investigated using a microscope-video system. Three different degrees of cooling rate are imposed on the drops: low, medium and high cooling. It is disclosed that the center cooling at a low rate produces a radial flow induced by component separation but without solidification and Marangoni type (surface-tension induced) flow. In contrast, a high cooling rate results in Marangoni convection accompanied by solidification but no component separation. The effect of Prandtl number on the Marangoni flow velocity is determined. The interfacial disturbance is suppressed by center cooling but not by bulk cooling which induces the formation of Bernard cells. The impact of flow patterns on the mechanical property of melt solidification is discussed.
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Y.-J. Su, W.-J. Yang and J. Liu Vol. 17, No. 6 In many other material processes involving solidification, including a variety of casting and welding processes, extraction, purification, pharmacy as well as polymer production, the quality of the products is significantly affected by the thermal-fluid transport process during solidification.
A number of important physical phenomena have been identified to take place during solidification. In pure substances, the flow in liquid domain is induced by temperature gradients, the motion of the solid-liquid interface, or the expansion or contraction during solidification. In addition, the surface temperature gradient causes a surface tension gradient to generate a flow know as thermocapillary convection. These flows together with local heat transfer near the solid/liquid interface, determine the solidification rate and interracial structure.
The phase-change of binary mixtures differs in many aspects from solidification of pure substances. Besides the convective phenomena mentioned above, the double-diffusive effects, the interdendritric fluid flow within the mushy zone, and the diffusocapillary convection caused by surface solutal gradients contribute significantly to the bulk flow in the liquid domain. In most systems, chemical components have different solubilities in the solid and liquid phases. Hence, during phase-change, a chemical species may be preferentially incorporated or rejected at the solid/liquid interface. This phenomenon complicates solid front geometry and interfacial instability. The central issue of convection in melts and crystal growth has been treated in a large number of publications [for example, 1-4] . In addition, several reviews on the subject have appeared during the past decade [for example, 5-8] . The reviews indicate that most of the attention has been focused on the influence of buoyancy and double-diffusive transport on flow and instability phenomena. Less effort has been devoted to investigate the effects of surface tension on solidification or crystal growth.
In a small-scale flow system or in a low-gravity environment, surface tension plays a dominant role in natural convection. There are two basic modes of flow induced by surface tension gradients: One is called Marangoni instability, with the gradients normal to the free surface. The other is named Marangoni convection, with the gradients along the free surface. The two modes are referred to as Marangoni effects [5] . Those induced by thermal and concentration gradients are called thermocapiUary and diffusocapillary effects, respectively.
The Marangoni effects on interfacial instability of pure and binary liquid systems were studied by Castilio and Velarde [9, 10] . Natural convection in sessile drops is of interest, since the liquid volume is not bounded by container walls. The effects of surface tension on natural convection in both pure and binary liquid drops evaporating on a plate were systematically investigated in references 11 through 14. It was revealed that the morphology of sessile drops exhibited stable, substable, and unstable types as viewed by laser shadowgraphy. Stable type is characterized by an image with a perfect circular periphery, unstable type by a saw-toothed periphery, and subtable Vol. 17, No. 6 TRANSPORT IN DROPS WITH SOLIDIFICATION 731 type by one between the two limits [11] . Two important dimensionless parameters governing the interracial instability of binary sessile drops were found to be the excessive free energy of surface and the Crispatiun number [13, 14] . An interracial flow map was constructed which defined the domains of stable and unstable regions. The morphology of evaporating pure liquid sessile drops changed when point cooling was applied at the base center [15, 16] .
Evaporation induces a temperature gradient, resulting in the generation of surfac 9 tension force on the drop surface. A doughnut-shaped, thermocapillary-induced vortex region was found to exist around the growing solid phase inside an evaporating drop [1517] . Flow visualization studies were performed on binary-component, sessile drops [18] and sessile drops with internal solidification [19] .
In the present study, a shawdowgraph-schlicren system and a microscope-video system are employed to study the mechanics of transport phenomena in multi-component, sessile drops with solidification. The information obtained from the study will be useful to the enhancement of solid or crystal quality under reduced-gravity environment where both thermo-and diffuso-capillary effects on solidification and crystal growth are dominant.
Exr~imental Apparatus and Procedur~
Figure 1 depicts a schematic of a shadowgraph-schlieren system. It consisted of a 35 MW Helium-Neon laser, a pin hole, a test plate, two aluminized mirrors, a lens, a mask plate, a screen, and a camera. The mask plate was a I ram thick glass plate marked with a 0.5 mm diameter clark spot which was positioned at the focal point of the lens. Thus, it constituted the traditional schlieren technique with the knife edge being replaced by the dark spot. The solid lines in Fig. 1 illustrated the passage of laser beams which were completely blocked by the dark spot instead of being partially cut off by the knife edge as in the convectional schliercn method. The dashlines depicted the passage being deflected by the drop's lens effect, which was eventually projected on the screen for display and photography. The image was recorded by a Polaroid camera using the type 57, ASA 3000 films.
The local, internal flow behavior and the pattern of interface between the separated components were observed by means of a microscope-vide system. The system, as shown in Fig. 2, consisted of a Lcitz model Metallux 3 microscope, an electrostatic focusing vidicon TV camera, a 700 line horizontal resolution black and white video monitor, and a multifunction VCR. Extrabrilliant No. 53 aluminum powder (Bronz Powder, Inc.) was used as tracer to follow the liquid motion. The center-cooling method was to cool at the base center of a drop. A hole, 0.813 mm in diameter, was drilled on the test plate. A silver wire of equal diameter was inserted through the hole with its tip flush with the upper surface of the test plate. Cyanoncrylate was used to seal the very small gap. In performing the experiment, the loose end of the conducting wire was inserted in between two small pieces of dry ice, which were enca,u~ in a Styrofoam enclosure. Then, the test plate was put in the designated position of the shadowgraph or microscope-video system. A drop was carefully placed on the test plate with its base center located at the wire end.
The bulk-cooling method was devised to cool the entire base of the drop. The glass plate without a hole or conducting wire was surrounded by several pieces of dry ice. A drop was then placed on the evenly precooled test plate. When an appropriate degree of cooling was achieved, separation and surface tension-induced flow occurred in multi-component drops.
Results and Discussion
Several binary and trinary-component liquid drops of different compositions were investigated. Some typical results of dimethyl sulfoxide/oleic acid, tetrachloride/methylene chloride,and dimethyl sulfoxide/oleic acid/p xylene are presented here. The components of the first binary liquid drop, dimethyl sulfoxide and oleic acid, are characterized by a very slow evaporation rate with melting points near room temperature. In contrast, the components of the second binary liquid system, tetrachloride and methylene chloride, have a very fast evaporation rate and a rather low melting temperature. The physical properties of these pure liquids are presented in Table I .
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Two methods of cooling are imposed on sessile drops which lead to internal solidification.
One is the center cooling method with three distinct intensities of cooling: low, medium and high rates. Another is the hulk cooling method. The study is directed to determine the mechanics of two flow problems: interracial instability and internal convection. The former is exhibited in the form of surface morphology and can be explored by means of laser shadowgraphy. The global view of the internal convection accompanied by solidification is obtained by the use of laser shadowgraphy, while the local phenomena is revealed using the microscope-video system.
1. Interracial Instability fi.e. suffac© morphology~ 1-a. No cooling case Figure 3 is the laser shadowgraph of a 50% (by volume) dimcthyl sulfoxide/50% oleic acid drop without cooling. (a), (b) and (c) correspond to the initial (immediately after the placement of a drop), intermediate (after 5 minutes) and final (after 20 minutes) stages of evaporation, respectively. As pure liquids, both dimethyl sulfoxide and oleic acid drops were characterized by unstable interracial structures throughout the entire evaporation process [ 15, 16] . An examination of Fig. 3 indicates that the mixing has a temporary effect on the morphology of the binary drop during the initial and intermediate stages of evaporation process. At the final stage of evaporation, the true characteristics of the inteffacial structure will appear. The interfacial instability of a sessible drop which is exhibited in the form of surface morphology is governed by two dimensionless parameters. Since a drop is so tiny, with small height to base diameter ratio, the buoyancy-driven convection can be neglected. Surface forces will play a main role in driving interfacial instability. For binary drops, the excessive free-energy of surface.
( 1) would occur due to the mixture. Here, As denotes the surface tension difference of the pure liquid components in the binary liquids; Xa and Xb, the mole fractions of components a and b, respectively; and A, the partial mole surface area which equals Vi 2/3 No t/3 Vi stands for the mole volume of the pure liquid of component i and No is the Avogadro number. The excessive free energy of surface in binary liquids will activate the surface phase, leading to the interracial instability. Hence, the dimensionless parameter
could be an important parameter in analyzing interfacial instability for binary drops. Crispation number
The (3) is another driving factor for interfacial stability. Here, gin, C~m and Om denote the dynamic viscosity, thermal diffusivity and surface tension of the binary liquid, respectively, de is the equivalent diameter of a drop on the test plate at zero time. Because of every present small, random fluctuations in the evaporation rate along the surface, the drop tends to change its surface shape. Large viscosities and lower values of surface tension result in a more difficult recovery of the differential deformation. Hence, NCR is another parameter controlling the interfacial flow pattern. The Marangoni effect is generally regarded as a dominant factor driving instability in thin liquid layers and tiny drops. However, it is negligible relative to the effect of excessive free energy of surface in the case of tiny binary drops. The other dimensionless quantifies such as the Prandtl, Jakob, Reynolds, Weber and Froude numbers are unimportant [11] . The Crislmtion number and the dimensionless excessive free energy of surface are calculated for the binary drops tested. They arc superimposed on the interfacial flow map [13, 14] , shown in Fig. 4 . The morphology shown in Fig. 3(c) confirms that the prediction that a 50% dirnethyl sulfoxide/50% oleic acid drop exhibits an unstable type interfacial structure.
l-b. Center cooling case The center cooling method produces a temperature field in the drop, low at the summit, increasing toward the base. Hence, the surface tcmlxn'ature gradient induces a thermocapillary force acting from the base toward the drop summit. Low cooling is a rate which produces Figures 5 and 6 show the morphologies of a 50% dimethyl sulfoxidedS0% oleic acid drop resulting from low and medium/high heating rates, respectively. A comparison of these figures with Fig. 3 reveals that center cooling, irrespective of cooling intensity, results in the suppression of interfacial structure, from an unstable type (Fig. 3) to a stable one (Fig. 5 and 6 ). This suppression of surface rippling is due to the action of a strong thermocapiUary fore which is induced by a large t¢mlmmture gradient along the drop surface. The morphology of the dimethyl sulfoxidedoldc acid drop is the same irrespective of mixture compositions.
1-c. Bulk cooling case
Figure 7(a) shows a shadowgraph of a 50% carbon tetrachloridedS0% methylene chloride drop under bulk cooling. The surface morphology indicates that this binary drop has a stable type interfacial structure which is similar to the one without cooling [18] . Another example is Fig. 8(b) , a shadowgraph of a 25% dimethyl sulfoxide/75% oleic acid drop under bulk cooling. The binary drop which is characterized by an unstable type interfacial structure under no cooling condition remains unchanged in the presence of bulk cooling. This is because the surface temperature created by this cooling method decreases from the drop summit to the drop base, opposite to that generated by the center cooling method. The resulting temperature gradient induces a thcrmocapillary force acting from the summit to spread the drop over the test plate, thus exerting little effect on the suppression of interracial disturbances. The shadowgraph (a) shows a smooth circle which is identical with that in Fig. 3(a) . It implies a stable type evaporation. About two minutes after the placement, a circular ring is formed in the middle of the drop shadow, Fig. 5(b) , with many slender cells lining up in the radial direction outside the ring. Subsequently, in Fig. 5(c) , a second ring is formed inside the first one which deforms and shrinks. Meanwhile, the slender cells grow in length in the radial direction and circular cells begin to form near the outer ring. The microscope-video system was employed to investigate the nature of circular cells seen in Fig. 5 . Figure 9 (a) shows an enlarged view of a small fraction of Fig. 5(a) . The smooth region consists of dimethyl sulfoxide, while the rugged region is a binary mixture in which oleic acid is separated from dimethyl sulfoxide forming individual aggregations due to the action of interfacial surface tension. The aggregations in solid phase obtained by an increased cooling rate are compared with that grown from pure liquids, thus identifying the composition to be oleic acid. It forms a doughnut-shaped vortex which is identical with the observed in a pure liquid drop with internal solidification [15] [16] [17] . The Marangoni flow velocity is determined by measuring the distance that an arbitrarily selected tracer particle has traveled in a specified time. Figure 10 The internal flow stracmrc in a 50% carbon tetrachloride/50% methylene chloride under high bulk cooling is shown in Fig. 7(a) . An observation via the microscope-video system indicates rows of "scales" migrating radially outward. Figure 7 (b) is a skctch of "scales" in Fig.   7(a) . A close up of a small part of Fig. 7(a) is shown in Fig. 7(c) , with its schematic in Fig. 7(d) , No component separation is found in this binary drop undergoing a very rapid evaporation. Each "scale" resembles a Benard cell in which the fluid moves upward at the center and down along the cell edge. The flow is much more rigorous than that in pure liquid drops, indicating a significant contribution of diffuso capillary forces. In short, internal convection in binary drops under bulk cooling is similar to that under center cooling.
A shadowgraphic-scltlieren device and a microscope-video system have been employed to determine the mechanics of transport phenomena in multi-component drops under cooling. The shadowgraphic images provide a comprehensive global information of the interfacial structure and internal flow patterns. The microscope-video system supplies the local flow patterns of both Marangoni convection and separation induced flow.
It is disclosed that (i) In the center cooling method, an increasing surface temperature from the drop summit to the base generates a thermocapillary force acting which suppresses interracial disturbances.
(ii) In the case of bulk cooling, the opposite temperature field induces a thermocapiUary force acting from the drop base toward the summit, exerting little effect on the suppression of interfacial perturbations.
(iii) A low center cooling results in component separation but no solidification and Marangoni convection.
(iv) When the cooling intensity is raised, Marangoni convection appears in the initial stage following the initiation of cooling. The flow is destroyed when slender ceils sweep radially outward. It is followed by the radial outward growth of solidified phase. Table 1 Liquid properties near melting point [20] [21] [22] [23] "'pp + estimated from Ref. [23] .
** from Ref. [25] .
*** with its own vapor.
++ estimated from Ref. [24] .
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